binding, disrupting the existing peptide cluster arrangement, despite the fact that Cu(II) is unable to completely displace Zn(II). These results may have a bearing on our understanding of peptide-aggregation processes and, with the delicate cross-regulation balancing we have revealed, seem to suggest the existence of an interesting, finely tuned interplay among metal ions affecting protein binding, capable of providing a mechanism for regulation of metal concentration in cells.
Introduction
Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative diseases in which the transmissible agent consists of a misfolded form of the prion protein (PrP C → PrP Sc ) Prusiner (1998) . Examples of TSEs include mad cow disease, scrapie in goats and sheep, and Kuru and Creutzfeldt-Jakob diseases in humans. The normal native form of the prion protein (PrP C ) is a membrane-tethered protein predominately expressed in brain tissue. Although its function is not yet fully elucidated, the ability of PrP to bind in vivo with both Cu(II) and Zn(II) ions (Brown et al. 1997 ) has led to the suspicion that PrP may be involved in metal homeostasis in the brain (Kenche et al. 2011) . The observation that Cu and Zn homeostasis is severely altered in the brain tissue of infected organisms (Rachidi et al. 2003 ) compared with normal tissues has also led to the hypothesis of involvement of the two metals in genesis of the illness.
Homeostatic control is necessary to maintain essential transition metal ions at the characteristic cellular concentrations which support their physiological functions yet Abstract In this paper we report a systematic XAS study of a set of samples in which Cu(II) was progressively added to complexes in which Zn(II) was bound to the tetra-octarepeat portion of the prion protein. This work extends previous EPR and XAS analysis in which, in contrast, the effect of adding Zn(II) to Cu(II)-tetra-octarepeat complexes was investigated. Detailed structural analysis of the XAS spectra taken at both the Cu and Zn K-edge when the two metals are present at different relative concentrations revealed that Zn(II) and Cu(II) ions compete for binding to the tetraoctarepeat peptide by cross-regulating their relative binding modes. We show that the specific metal-peptide coordination mode depends not only, as expected, on the relative metal concentrations, but also on whether Zn(II) or Cu(II) was first bound to the peptide. In particular, it seems that the Zn(II) binding mode in the absence of Cu(II) is able to promote the formation of small peptide clusters in which triplets of tetra-octarepeats are bridged by pairs of Zn ions. When Cu(II) is added, it starts competing with Zn(II) for 1 3 avoid toxic adverse effects. Prokaryotic and eukaryotic organisms have evolved the capacity to quickly adapt to a changing and challenging microenvironment in which the availability of both biologically required and non-essential transition metal ions can vary dramatically. This task is accomplished by specialised metallo-regulatory proteins capable of controlling the expression of genes encoding membrane transporters and metal-trafficking proteins that collectively manage metal homeostasis and resistance. In addition to these mechanisms, as we shall argue in this paper, metal competition for protein binding is critical in the central nervous system, because metals are involved in several essential biological processes (neuro-transmission, enzymatic activity, etc.) and their imbalance is known to lead to several neuro-degenerative disorders (Faller et al. 2014; Ishara Silva and Saxena 2013; Maret 2011; Braymer and Giedroc 2014; Reyes-Caballero et al. 2011 and references therein) .
With regard to the prion protein, one of the identified PrP-metal binding regions, among others, is located in the unstructured (Donne et al. 1997; Hornshaw et al. 1995; Aronoff-Spencer et al. 2000; Whittal et al. 2000; Qin et al. 2002; Wells et al. 2006 ) and highly conserved portion of the protein termed the octarepeat domain. This domain consists of several repeats (up to six depending on the species), each formed by the set of eight amino acids PHGGGWGQ.
Electron paramagnetic resonance (EPR) studies (Chattopadhyay et al. 2005 ) performed on Syrian hamster PrP have shown that at low copper concentrations a single Cu(II) ion is coordinated to the four His residues (one for each of the octarepeats) of the tetra-octarepeat domain. At high Cu concentration each octarepeat is able to bind one Cu(II) ion for a total of four Cu(II) ions per tetra-octarepeat.
The same research group (Walter et al. 2007 ) subsequently demonstrated that the presence of Zn(II) modulates the mode of Cu(II) coordination to the tetra-octarepeat peptide region. Changes in the Cu(II) coordination mode in the presence of Zn(II) in the prion protein have also studied by use of electron spin echo envelope modulation (Silva et al. 2014) .
A parallel X-ray absorption spectroscopy (XAS) study (Stellato et al. 2011 ) confirmed the ability of Zn(II) to modulate Cu(II) coordination, adding the important information that a single tetra-octarepeat domain can bind Cu(II) and Zn(II) ions simultaneously. Analysis of the XAS data also showed that Zn(II) competes with Cu(II) for Hisbinding by directly interacting with the tetra-octarepeat region, but it is unable to completely displace Cu(II).
All these results, taken together, while suggesting that metal binding competition is important in the general context of metal homeostasis, also raise the question of whether the same occurs when Cu(II) is added to an already formed tetra-octarepeat-Zn(II) complex.
The main purpose of this investigation was to address and answer this question. By performing a systematic XAS study of a set of samples in which Cu(II) at increasing concentrations was added to tetra-octarepeat-Zn(II) complexes, we showed that the metal-peptide coordination mode depends not only, as expected, on the relative concentrations of the metals but, by comparison with the old XAS measurement of Stellato et al. (2011) , that the order in which the two metal ions are added to metal-tetra-octarepeat complexes is also important. Indeed, not only is Zn(II) unable to completely remove octarepeat-bound Cu(II) ions (as was already made clear by Stellato et al. 2011 ) but, as we prove here, the opposite is also true, i.e. Cu(II) modifies the mode of Zn(II) coordination by partly displacing it, but fails to completely remove octarepeat-bound Zn(II) ions.
Experimental

Sample preparation
Synthetic PrP tetra-octarepeat peptides were prepared by use of the standard fluorenylmethoxycarbonyl (Fmoc) method (Burns et al. 2002; Aronoff-Spencer et al. 2000) . Its complete amino acid sequence (abbreviated below to 4R 8 ), is Ac-KKRPKPWGQ(PHGGGWGQ) 4 -NH 2 , with the initial amino acidic sequence inserted to increase solubility.
All samples were prepared by dissolving the peptide in degassed solvent containing 25 mM N-ethylmorpholine (NEM) buffer and 20 % (v/v) glycerol at pH 7.4. The latter is added to help stabilise the sample (Vagenende et al. 2009 ). The peptide concentration used for XAS samples was 0.2 mM. Zn and Cu were added as ZnCl 2 and Cu(CH 3 COO) 2 , respectively. Cu(II) and Zn(II) concentrations in peptide samples ranged from 0 to 0.64 mM ( Table 1 ). The concentration of Cu(II) and Zn(II) in the buffer (samples bZn and bCu in Table 1 ) was 2 mM.
The desired amount of ZnCl 2 was added to the peptide buffer solution some days in advance, whereas Cu acetate was added from a few tens of minutes to 24 h before the XAS measurements. The spectra of all samples were acquired at the Zn K-edge and, in the presence of Cu(II), also at the Cu K-edge.
X-ray data collection XAS experiments were performed at the BM30B beamline of the European Synchrotron Radiation Facility (Grenoble, France) (Proux et al. 2005) . The storage ring was operated in 7/8 + 1 bunches mode at 6 GeV with a 200 mA current. The beam energy was selected using a Si(220) double-crystal monochromator with a resolution of ∼ 0.5 eV (Proux et al. 2006) . The beam spot on the sample was approximately 300 × 200 µm 2 (H × V, FWHM). Spectra were recorded in fluorescence mode by use of a 30-element solid-state Ge detector. To avoid photo-degradation and spectra evolution during XAS measurements, all the samples were first rapidly brought from room temperature to 77 K (liquid nitrogen) and then cooled and kept at 13 K by use of a liquid helium cryostat throughout XAS measurement. In the process of data acquisition samples were systematically moved to a different position for each scan so that the radiation did not always hit the same portion of the sample. Each scan never exceeded 30 min.
Data analysis
The XAS absorption coefficient, µ(E), and the normalised signal, χ(k), 1 are extracted from the raw data by following the fully standard procedure encoded in the ATHENA software (Ravel and Newville 2005) .
In particular, the absorption coefficient, µ(E), is obtained by subtracting a linear background fitted through the pre-edge region data, and is normalised by requiring the difference between the extrapolated value of the preedge line and a post-edge quadratic fit be equal to unity at the edge energy. The definition of pre-edge and post-edge regions was kept the same in the analysis of all the spectra. The definition of χ(k) and its relationship with the absorption coefficient, µ(E) are discussed in the appendix of (Morante 2008) .
XAS data are presented by separating the XANES and EXAFS regions of the spectrum.
2 As is customary, the 1 We recall that the relationship between wave number, k, and E is k = √ 2m e (E − E th ), where E th is the edge energy and m e is the electron mass. 2 The X-ray absorption near edge structure (XANES) region is conventionally defined as the region of the spectrum corresponding to a photon energy from approximately 30-50 eV before the edge to approximately 50-100 eV after the edge, the extended X-ray absorption fine structure (EXAFS) region as the region from the end of the XANES region up to approximately 1,000 eV above the edge. absorption coefficient is plotted when displaying the XANES region of the spectrum, whereas the normalised signal is reported when showing the EXAFS part of the spectrum.
To extract the desired structural information, the EXCURV98 package (Binsted et al. 1998 ) was used to fit the experimental signal, χ(k), against theory. The so-called constrained refinement strategy, which consists in treating the lateral chain of amino acid residues as a rigid body, was used. In our case, we considered the imidazole ring of His residues as undeformable. Thus, in the fitting step we refined only the distance of the bound nitrogen and the orientation of the imidazole ring plane. This enabled significant reduction of the number of free variables in the fitting procedure (Binsted et al. 1992) .
Results and discussion
For easier further reading we list in Table 1 the complete set of samples (column 1) we have measured, specifying the corresponding concentrations of Zn(II) (column 2) and Cu(II) (column 3) ions in units of peptide concentration (peptide equivalents, eq). In column 4 the ion K-edge at which each spectrum was recorded is indicated. For comparison, the concentrations of Zn(II) and Cu(II) in buffer (2 mM) are also given in the units peptide equivalents. In the last column the colour code used in subsequent figures is summarised.
Qualitative data analysis
Before moving in the next section to quantitative analysis of the XAS data, it is useful to study all the spectra qualitatively, to identify the main similarities and differences and to become familiar with the models and the structural properties.
In Figs. 1 and 2 the XAS spectra at the Zn and Cu K-edge of all the measured samples (buffers included) in the XANES (left panels) and EXAFS (right panels) regions are displayed and compared. Only for the purpose of this first qualitative comparison, we concentrate on the EXAFS data belonging to the restricted region going from
The quantitative EXAFS data analysis illustrated in the section "EXAFS region data analysis" will be performed for a wider photon energy range, namely from k ≃ 3 Å −1 to k ≃ 11 Å −1 for the spectra taken at the Zn K-edge and from k ≃ 3 Å −1 to k ≃ 12 Å −1 for the spectra taken at the Cu K-edge. The reason for this difference in the choice of the k range will be explained in the subsection "Zn K-edge").
Zn K-edge
We now present a few general observations that will guide successive quantitative data analysis.
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We start by noticing that the spectra of all the S i (i = 1, . . . , 5) samples visibly differ from the Zn-buffer (bZn) spectrum, clearly indicating that at least some fraction of Zn(II) ions is bound to the peptide. Second, the sample that is mostly different from the buffer is S 1 , which was prepared at low (0.8 eq) Zn(II) concentration and in the absence of Cu(II). Addition of a sub-stoichiometric amount of Cu(II), as in sample S 2 , is sufficient to drastically modify the spectrum shape, making the S 2 spectrum significantly different from that of S 1 .
Furthermore, samples S 2 and S 3 , that differ in Cu(II) concentration only (0.8 eq in S 2 , and 3.2 eq in S 3 ; Table 1 ), give essentially undistinguishable XANES and EXAFS spectra, indicating that a further increase of the Cu(II) concentration above 0.8 eq has no appreciable consequence on the mode of Zn(II) coordination.
Sample S 4 , similar to S 1 , does not contain Cu(II), but at variance with the latter it was prepared at a much higher Zn(II) concentration (2 eq). Their spectra differ because of the contribution to the XAS spectrum of sample S 4 from the Zn present in excess in the solution. In the subsection "XANES region data analysis" we will provide a quantitative argument in support of this interpretation.
A similar situation occurs if one compares the spectrum of sample S 5 (in which both Zn(II) and Cu(II) are present at high concentration, 3 eq) with that of sample S 3 . In this case also the difference between the two spectra should be ascribed to the presence of excess of Zn in the solution (as discussed in the subsection "XANES region data analysis").
Finally we observe that the most striking feature of the χ(k) behaviour of samples S 1 , S 2 and S 3 in the EXAFS region (right panel of Fig. 1 ), is the appearance of a double peak in the wave number range between k ≃ 3.5 Å −1 and k ≃ 4.5 Å −1 . The double peak is known to be indicative of bound His (Strange et al. 1987) . The progressive Table 1 Fig. 2 XAS spectra at the Cu K-edge. As in Fig. 1 , left and right panels display XANES and EXAFS data, respectively. Colour code and sample composition are as given in Table 1 disappearance of this spectral feature, which should be thus interpreted as a decrease in the number of Zn(II)-bound His residues, is seen to be related to an increase of the Cu(II) concentration. In the section "Cu K-edge" we will return to this question, and provide a structural explanation of this behaviour.
Cu K-edge
In Fig. 2 XANES and EXAFS spectra acquired at the Cu K-edge are displayed and compared. Again, for the purpose of this first qualitative comparison only, we show EXAFS data in the restricted region from k ≃ 2 Å −1 to k ≃ 7 Å −1 .
As for the Zn K-edge, all the spectra significantly differ from that of the Cu-buffer (bCu), meaning that some fraction of Cu(II) is always bound to the peptide irrespective of Zn(II) concentration. As already shown by Chattopadhyay et al. (2005) , the Cu(II) coordination mode depends on the [Cu]: [4R 8 ] ratio.
In the EXAFS region (right panel of Fig. 2 ) we notice again in sample S 2 the presence of a double peak in the wave number range between k ≃ 3.5 Å −1 and k ≃ 4.5 Å −1 . The double peak disappears at higher Cu(II) concentrations (samples S 3 and S 5 ) indicating that the number of Cu(II) bound His residues decreases with increasing Cu(II) concentration, in agreement with the EPR results of Chattopadhyay et al. (2005) .
Finally, the XAS spectra of samples S 3 and S 5 are very similar in both the XANES and the EXAFS regions (the green S 3 spectrum is hardly visible below the light blue S 5 spectrum), despite the fact that the two samples were prepared starting from substantially different Zn(II) concentrations (0.8 and 3 eq, respectively). This observation shows that the Cu(II) coordination mode does not depend on Zn(II) concentration. Notice that, as seen in Fig. 1 , the corresponding Zn K-edge spectra are, instead, definitely not superimposable.
Quantitative data analysis
We now present quantitative analysis of the measured XAS spectra of the systems listed in Table 1 and provide detailed structural information about the atomic environment around the metals at the different concentrations we have studied.
XANES region data analysis
One of the conclusions emerging from the qualitative analysis presented in the previous section is that when the [Zn]: [4R 8 ] concentration is large (over-stoichiometric), as for samples S 4 and S 5 , a substantial fraction of Zn is not bound to the peptide and it is found free in solution. This means that the measured XAS spectrum at the Zn K-edge receives contributions from two kinds of Zn(II) geometry, that of Zn bound to the peptide and that of Zn in solution.
This simple interpretation of the spectral features of the S 4 and S 5 samples can be checked in a model-independent way if one treats the above considerations mathematically by saying that the XAS measured signal is a linear combination, with appropriate coefficients, of the signal from the Zn bound to the peptide and that from Zn in solution. The strength of this approach is that it is not necessary to make recourse to any specific model for the Zn geometry in the different atomic environments in which the metal is supposed to exist, if one assumes that the XAS signal from the Zn in solution can be identified with the Znbuffer signal and the signal from the Zn bound to the peptide with the S 1 spectrum in the absence of Cu and with the S 3 spectrum when the Cu concentration is large (3 eq), respectively.
We now discuss in turn the details of the analysis of the S 4 and S 5 XANES spectra along the lines outlined above.
• Sample S 4
If we call 0 ≤ p ≤ 1 the fraction of Zn(II) ions in the S 1 -like coordination mode, then (1 − p) will represent the fraction of Zn(II) in the bZn-like coordination. According to our simple assumptions we can determine the best value of p by minimising the "residual function" where the sum is extended over the energies E i at which XANES data were taken and µ A is the absorption coefficient of sample A (A = S 4 , S 1 and bZn).
The function Q is found to have a minimum at p = 0.33 ± 0.01 meaning that in the S 4 sample 1/3 of Zn(II) is bound to the peptide and 2/3 is in solution. The agreement between the measured S 4 XANES spectrum and the optimum combination of the S 1 and bZn signals shown in Fig. 3 (left panel) is extremely good. For convenience we also report the difference between the experimental data and the theoretical fit. A similar analysis for the EXAFS data gives a comparably good fit, yielding an optimum value of p consistent with that determined from the XANES fit (data not shown), confirming the validity of our assumptions and the robustness of the result.
We can thus conclude that the total amount of Zn(II) in S 4 in term of equivalents (Table 1) is distributed as follows:
where with [Zn] S 1 and [Zn] bZn we denote the concentration of bound to the peptide Zn(II) in the configuration it takes in S 1 and free in solution, respectively. The interesting interpretation of the fact that the proportionality factor between the concentration of bound Zn(II) and that of 4R 8 equals 2:3 is that small aggregates are formed, where, on average, triplets of tetra-octarepeats are cross-linked by two Zn(II) bridges. This quite remarkable result is reminiscent of a similar structural arrangement found in systems in which β-amyloid peptides are complexed with Zn(II) ions (Giannozzi et al. 2012 ).
• Sample S 5
A completely similar analysis of the XANES S 5 data in terms of the measured XANES signals of the S 3 sample and of the Zn-buffer gives p = 0.35 ± 0.06. The high quality of the fit can be judged by looking at the right panel of Fig. 3 , where the difference between the experimental signal and the theoretical fit (grey curve) is also reported. Again a similar analysis of the EXAFS region of the spectrum gives a rather good fit and an optimum value of p consistent with the previous one (data not shown).
We conclude that the total amount of Zn(II) in S 5 in terms of equivalents (Table 1) S 3 = (0.35 ± 0.06) × 3 = (1.05 ± 0.18) eq (5) [Zn] bZn = (0.65 ± 0.06) × 3 = (1.95 ± 0.18) eq, Zn(II) ion. Actually, as we shall see in the section "Cu K-edge", the other three His residues of the peptide each bind a Cu(II) ion.
EXAFS region data analysis
We now proceed to analysis of the EXAFS region of the spectra to obtain quantitative structural information about the geometry of the different kinds of metal site occurring in the samples we have considered. We will separately discuss Zn(II) and Cu(II) K-edge data and compare our results with the complementary study by Stellato et al. (2011) in which successive addition of Zn(II) to a Cu(II)-4R 8 bound complex was studied.
Zn K-edge
Among the spectra collected at the Zn K-edge (Table 1) only the following three must be analysed and fitted:
-S 1 -0.8 eq of Zn, fully bound to 4R 8 , and no Cu -S 3 -0.8 eq of Zn, fully bound to 4R 8 , with the addition of 3.2 eq of Cu -bZn-Zn in buffer -The reasons for this choice are as follows. As seen in Fig. 1 , samples S 2 and S 3 give essentially identical spectral features both in the XANES and the EXAFS regions. Furthermore, as we remarked when we discussed the XANES data, the (rather similar) EXAFS spectra of samples S 4 and S 5 can also be well represented by linear superposition of the EXAFS signal of the S 1 sample with that of Zn in buffer, and that of the S 3 sample again with Zn in buffer, respectively. Thus, all the structural information of interest can be obtained by analysing the three samples listed above. The energy range of the Zn K-edge EXAFS spectra (in contrast with the Cu K-edge spectra discussed below) was limited to approximately 11 Å −1 because of the unfavourable signal-to-noise-ratio of data above this point.
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The Zn coordination modes are determined from the best-fits shown in Fig. 4 that also include the relevant multiple scattering contributions. The detailed structural information emerging from the fitting procedure is summarised in Table 2 .
In the first column of Table 2 we report the identities of Zn-bound atoms. For nitrogen atoms we explicitly indicate when they belong to a His residue. Because there is a single His residue in each octarepeat, the number of His 3 The reason for this signal deterioration is contamination in the counting of the Zn Kα fluorescence photons from the nearby Cu Kβ fluorescence line. Indeed, the relevant Zn Kα fluorescence lines are centred at 8,615 and 8,638 eV (α 1 and α 2 ), whereas the Cu Kβ line is at 8,905 eV. Because solid-state detector energy resolution is of the order of ~250-300 eV (full width half maximum value), photons from the Cu Kβ line can to be counted in the Zn background fluorescence spectrum, making it rather noisy above 10 Å −1 . residues also denotes the number of octarepeats to which the metal is bound. We are very confident about this counting of bound His residues, because the XAS technique is known to be especially sensitive to this number (Morante 2008; Strange et al. 1987; Penner-Hahn 2005) .
As shown in Table 2 , the number of bound His residues decreases from two (in sample S 1 ) to one (in sample S 3 ) as a result of adding 3.2 eq Cu(II). The ensuing structural modification is an indication of the ability of Cu(II) to compete for 4R 8 binding.
In the second column we report the multiplicity of each type of scatterer. The third and fourth columns provide the absorber-scatterer distances and the Debye-Waller factors with their statistical errors. In the last two columns the Fermi energy shift, E f , and the value of the fit quality factor, R, are displayed. The R factors we obtain should all be considered adequate for complex biological systems such as those we are studying here (Binsted et al. 1998 ) (they are all <40 %).
We recall that in the subsection "XANES region data analysis" we suggested a simple model to explain the features of the S 4 XAS spectrum. This model works under the Fig. 4 Experimental EXAFS data at the Zn K-edge (full line) and the best-fit theoretical model (broken blue line). The top left panel refers to sample S 1 , the top right panel to sample S 3 and the central panel to Zn in buffer. Colour code and sample composition are as given in Table 1 assumption that the S 4 spectrum is a linear combination, in the appropriate ratio, of the signal from sample S 1 and the signal from Zn in solution. The resulting 1:2 proportionality factor leads to the [Zn(II)]:[4R 8 ] = 2:3 concentration ratio of Eq. 2. From the EXAFS analysis just presented we found, on the other hand, that Zn(II) in the S 1 sample is coordinated to two His residues. As we said before, the two results taken together suggest the existence of an interesting Zn(II)-4R 8 coordination mode of the type shown in the left-upper panel of Fig. 6 , in which two Zn(II) ions bridge three tetra-octarepeats.
Addition of Cu(II) to this kind of aggregate modifies the Zn(II) coordination mode, as is seen by studying the spectral features of sample S 3 . Specifically, when 3.2 eq Cu(II) is titrated into a sample in which Zn(II) at a low concentration (0.8 eq) is fully bound to 4R 8 peptides, the number of Zn(II)-bound His residues changes from two to one. We conclude that Cu(II) is able to disrupt the pre-existing bridging arrangement (second and third upper panel of Fig. 6 ) with apparently no significant release of Zn(II) into solution.
These results reveal an interesting cross-regulation pattern between metals in which the small [Zn(II)] 2 -(4R 8 ) 3 aggregates are ready to accept Cu(II) binding, offering a useful mechanism for "neutralising" ("sterilising") possibly dangerous free Cu ions within the cell, without liberating in solution potentially dangerous Zn(II) ions.
Cu K-edge
Among the spectra collected at the Cu K-edge (Table 1) the following three have been analysed and fitted: -S 2 -0.8 eq of Zn, fully bound to 4R 8 , with the addition of 0.8 eq of Cu -S 3 -0.8 eq of Zn, fully bound to 4R 8 , with the addition of 3.2 eq of Cu -bCu-Cu in buffer -We no longer considered the S 5 sample because, as already noticed, at the Cu K-edge its EXAFS spectrum is essentially indistinguishable from that of sample S 3 . We stress that samples S 2 and S 3 differ only in the amount of Cu(II) added to a sample in which 0.8 eq Zn(II) was bound to 4R 8 peptides.
A standard EXAFS analysis of the kind performed at the Zn K-edge, including multiple scattering contributions, yields the best-fit curves shown in Fig. 5 . The initial geometrical model used to fit the S 3 spectrum was taken from the PDB data of Burns et al. (2002) . 4 The resulting structural information concerning the Cu(II) binding site in the S 2 , S 3 samples and the Cu-buffer, which we report for completeness, are summarised in Table 3 .
At low Cu(II) concentration (0.8 eq-S 2 sample) each tetra-octarepeat binds one Cu(II) ion, as indicated by the multiplicity of His residues in Table 3 .
At high Cu(II) concentration (3.2 eq-S 3 sample) each tetra-octarepeat binds three Cu(II) ions. The amino acids in parentheses in Table 3 are the first four of the crystallised pentapeptide sequence HGGGW.
Taken together these results indicate that Cu(II) is not able to fully displace Zn(II), not even at high concentrations (as in sample S 3 ). Increasing [Cu(II)] from zero to 0.8 eq (low concentration) in samples in which an equally low (0.8 eq) concentration of Zn(II) is bound to 4R 8 peptides gives rise to coordination modes similar to those found by Stellato et al. (2011) , despite the fact that the metals are added in reverse order. In both cases the initially bound metal, be it Zn(II) here or Cu(II) in Stellato et al. (2011) , remains fully bound to the peptide. In contrast, at high Cu(II) concentration the way in which the two metals are coordinated to the 4R 8 peptide is substantially different from that observed in our previous study (Stellato et al. 2011) . In fact, we see in this work that, starting from a situation in which Zn is bound to the peptide, by progressively adding Cu(II) (i.e., by passing from the S 2 to the S 3 sample) one arrives at a situation in which Zn(II) remains bound by one His bond and, on the basis of the absence of a contribution to the EXAFS signal from Cu(II) in solution, one concludes that each of the remaining three tetra-octarepeat His residues binds a Cu(II) ion.
We recall that in the situation investigated by Stellato et al. (2011) it was shown that when Zn(II) is added to the Cu-tetra-octarepeat complex the former is able to bind to the peptide at low, but not at high, Cu concentration.
In Fig. 6 we suggestively illustrate the different metalpeptide binding modes we have identified at different Zn(II) and Cu(II) concentrations.
Putting together old and new results, the picture that emerges is that the process of adding a second metal to an already formed metal-peptide complex is not reversible (of course within reasonable time and activation energy supply), in the sense that the final coordination state of the system depends on which metal was first bound to the peptide. In particular, we have seen that the Zn(II)-4R 8 complexes formed at not too high Zn concentration (e.g., 0.8 peptide eq) are ready to bind three Cu(II) ions, thus functioning as a sort of Cu(II) buffer for the cell but with no release of Zn(II) into solution. = 1:1) promotes the formation of small aggregates in which the Zn(II) to tetra-octarepeat concentration ratio is 2:3. Similarly to the behaviour already observed for β-amyloids (Giannozzi et al. 2012) , this result hints at the formation of small aggregates in which two Zn(II) ions bridge three peptides. These conclusions should be compared with those of Stellato et al. (2011) , who studied the situation in which Zn(II) was added to an already formed Cu(II)-4R 8 complex. In that situation it was found that Zn(II) can bind the peptide only in the presence of a low Cu(II) concentration. At high Cu concentration all metal binding sites are occupied by Cu(II) ions, thus they are not available to Zn(II).
The fact that Cu(II) can replace Zn(II) in the Zn-peptide complex, but Zn(II) is unable to displace Cu(II) in the preformed Cu-peptide complex, is consistent with considerations based on the Irving-Williams series (1953) from which it seems that Cu(II) interacts more strongly than Zn(II) with the peptide.
All our results are summarised pictorially in Fig. 6 . The existence of a metal competition mechanism is clear from the observation that, although in three of the five panels the 4R 8 peptide is able to bind both metals, in the four panels in which both metals are present, the Cu(II) and Zn(II) coordination modes seem to be quite different, meaning that their coordination mode crucially depends on the order in which metals are added to the peptide solution and their relative concentrations.
It is, in particular, worth noticing that the small Zn(II)-4R 8 aggregates sketched in the upper-left panel of Fig. 6 are progressively disrupted as the Cu(II) concentration is increased, because of the increasing number of His residues that can bind Cu. The result is that the Zn(II)-4R 8 aggregates, by modifying their structure, are able to sequestrate Cu(II), possibly providing a workable and finely tuned mechanism for metal homeostasis in the cell. As we said, similarly structured aggregates have been proved to exist in Zn-β-amyloid complexes also, with, again, two Zn ions cross-linking three β-amyloid peptides (Giannozzi et al. 2012) .
One can speculate that the sophisticated scenario of metal binding processes uncovered by EPR (Chattopadhyay et al. 2005; Silva et al. 2014 ) and XAS (this paper and Stellato et al. 2011) studies can be at the basis of a general mechanism for metal cross-regulation in living organisms selectively evolved to avoid cell damage from such highly reactive chemicals as metal ions. Indeed, a synthetic way of summarizing our results is to say that Zn-peptide complexes can rearrange the metal coordination sphere to accommodate Cu(II) but free Zn(II) cannot replace Cu(II) in preformed Cu-peptide complexes. This is in agreement with the biological observation that free Zn(II) is not as damaging as free Cu(II) so there is a need to sequester Cu(II) more than Zn(II).
